depth, after the application of CMS, exhibited a high level of agreement (about 95 % at Bland-Altman plot analysis) with the anatomical measurements at dissection. A similar systematic underestimation, however, has been evidenced for MSCT (average 11.4 %; 95 % CI 7-17) and MRI (average 9.6 %; 95 % CI 6-13) data after the instillation of CMS with respect to wound dissection measurements. Conclusion MSCT and MRI after the instillation of CMS can be used for depicting the morphometric features of stab wounds, although depth measurements are affected by a slight systematic underestimation compared to layer-bylayer dissection.
Introduction
Stab wounds are of major importance in forensic pathology as they are extremely common, especially in domestic disputes and street violence [1] [2] [3] .
An accurate assessment and an objective recording of the surface and internal features of the wounds are the basis for any subsequent analysis [4, 5] . Whereas surface features can be easily observed, measured, and photographed by the inspection of the skin, an unbiased evaluation of the internal features, such as the depth of the stab wound, is more complicated. Thus far, probing and wound dissection (WD) are the main techniques for the internal assessment of stab wounds [6] [7] [8] .
In the recent literature, Schnider et al. [6] 
demonstrated that multislice computed tomography (MSCT) is a useful tool for the evaluation of sharp injuries, while Bolliger

Abstract
Objective To analyze the morphology and depth of stab wounds experimentally produced on human legs amputated for medical reasons using multislice computed tomography (MSCT) and magnetic resonance imaging (MRI) after the instillation of a single contrast medium solution (CMS). Materials and methods For morphological analysis, MSCT and MRI scans were performed before and after the instillation of CMS into the wound cavity. Depth measurements were performed on the sagittal view only after CMS instillation. Subsequently, each wound was dissected using the layer-by-layer technique and the depth was measured by a ruler. One-way between-groups pairwise analysis of variance (ANOVA) and Bland-Altman plot analysis were used for comparing radiological and anatomical measurements. Results Unenhanced MSCT images did not identify the wound channels, whereas unenhanced MRI evidenced the wound cavity in 50 % of cases. After the instillation of CMS, both MSCT and MRI depicted the wound channel in all the investigated stabbings, although the morphology of the cavity was irregular and did not resemble the shape of the blade. The radiological measurements of the wounds' 1 3 et al. [7, 8] and Leth et al. [9] applied MSCT to measure the depth of stab wounds produced on animal samples and filled with contrast medium.
To the best of our knowledge, peer-reviewed publications on experimentally produced stab wounds analyzed morphologically and metrically by both MSCT and magnetic resonance imaging (MRI) after the instillation of a contrast medium are lacking.
The aim of our preliminary study, therefore, was to investigate and compare the morphometric features of stab wounds experimentally produced on human legs, amputated for medical reasons, through MSCT and MRI after the instillation of a single contrast medium solution (CMS) suitable for both radiological techniques.
Methods
Stabbing trials
Twenty-one stabbing trials were performed on seven surgically amputated lower limbs, the scientific use of which was approved by the Ethical Committee of the University Hospital of Padova (protocol no. 2013P) [10] .
Exclusion criteria were neoplastic and/or inflammatory and/or infective diseases of the skin (detectable at inspection or radiology), scars and traumatic wounds of the calf. Each sample was cleaned of dried blood and any other contaminants. Prior to the stabbing trial, each calf underwent an MSCT and an MRI scan to evaluate the possible presence of factors, not externally assessable (e.g., vascular calcifications), which could represent a confounding element during the morphological and metrical analyses.
A ceramic knife "Pradel Excellence" model CS004 (blade dimensions: 12.5 cm × 2.5 cm at the maximum width; Fig. 1a ) was marked with a black "Staedtler Permanet Lumocolor" water-resistant felt-tip pen at 4 and 6 cm (measured from the tip of the knife) and used to perform all the stabbings. The posterior surface of the calf was stabbed orthogonally to the skin until the blade penetrated to a depth included in the above-mentioned interval of 4-6 cm (i.e., the segment of the blade delimited by the two black marks; Fig. 1b) . The knife was then extracted and washed with distilled water. Three stabbings were inflicted on the posterior surface of each calf limb with a minimum distance of 5 cm between each pair of injuries.
Contrast medium solution
An iodinated contrast agent, Omnipaque 300 ® (Iohexol, GE Healthcare ® ), was blended with sterile ultrasound gel. The applied dilution was 1:9 (1 cc of Omnipaque® and 9 cc of ultrasound gel). The two components of the CMS were mixed through an angiographic valve in order to avoid any air bubbles. Each wound cavity was carefully instilled with the CMS through a 9 Fr angiographic introducer, until it was completely full.
Radiological protocol
MSCT scans were performed using an MSCT Siemens Somatom Sensation 64 slices (Siemens AG Medical Solution, Erlangen, Germany); the applied protocol was 120 kV, 82 mAs, 0.6 mm slice thickness, and 1.0 s rotation interval. Multiplanar reconstruction (MPR) images were obtained.
MRI scans were performed using a Siemens Magnetom Avanto 1.5 Tesla (Siemens AG Medical Solution, Erlangen, Germany). The MRI protocol included a sagittal Proton Density-weighted Turbo-Spin-Echo fat-suppressed (PD-fs) sequence (TR/TE 3861/37 ms, Flip Angle 150, slice thickness 3 mm, slice gap 20 %, Read FoV 300 mm, Phase FoV 70 %, matrix resolution 320 × 224). This specific sequence was selected because of its intrinsic sensitivity to fluids and/or blood [11] and its high signal-to-noise ratio [12, 13] . The same radiological protocols were applied for all MSCT and MRI scans, before and after the injection of CMS into the wound cavities (Figs. 2, 3) . 
Image analysis
One radiologist, blinded to the experimental conditions, analyzed the set of images obtained before (MSCT and MRI images) and after the injection of CMS (MSCT-CMS and MRI-CMS images), using an Open-Source Software (Osirix Version 6.0). The morphological evaluations and measurements, on both MSCT and MRI images, were performed on the sagittal plane. The depth of the stab wounds was measured only after the injection of CMS (i.e., MSCT-CMS-d and MRI-CMS-d, respectively).
Dissection of the wound
After radiology, the contrast medium was removed from each wound cavity by careful and abundant injection of distilled water. Then, 5 mL of a 5 % methylene blue solution were instilled into the cavity through a new 9 Fr angiographic introducer. After 15 min, the wound was dissected along its long axis with the layer-by-layer method. The depth of each stab injury at wound dissection (WD-d), which appeared as a blue straight line, was measured using a forensic ruler (Fig. 4) .
Statistical analyses
Mean, confidence interval (CI), standard deviation (SD), and minimum and maximum values were used to describe 
Results
Morphological features of the stab wounds (qualitative analysis)
Before the instillation of CMS, MSCT and MRI images displayed a small superficial skin interruption (Figs. 2a, c, 3a-white circle) and some minute air bubbles in the soft tissues (Fig. 2a , white asterisk) without depicting the wound channel. In 10 out of 21 wounds, MRI images showed a thin hyperintense line corresponding to the wound channel (Fig. 2c) . After the instillation of the contrast medium solution (MSCT-CMS and MRI-CMS), the morphological assessment of the wound channel was feasible for all the 21 stabbings. The direction of each wound was orthogonal to the posterior surface of the calf. The Before the instillation of the CMS, c a small air bubble in the soft tissues (white asterisk) and a small skin interruption (white circle) were visible. Moreover, a thin hyperintense line along the wound channel, attributable to blood filling, was recognizable (white arrowhead). After the instillation of the CMS, d the wound channel (white arrow) is easily recognizable and measurable overall shape of the cavity was irregular and did not resemble the morphology of the blade. Lateral contrast leakages were evident along the wound channel (Figs. 2b, d, 3b) .
At dissection. 19 stab wounds appeared as straight blue lines oriented orthogonally to the surface of the skin; multiple, small, lateral leakages of the methylene blue solution were visible along the length of the wounds (Fig. 4) . The remaining two stabbing trials showed a massive leakage of the methylene blue solution, which permeated the tissues close to the stab wounds and hampered an accurate distinction of the single wound channels from the surrounding muscular tissue.
Depth of the stab wounds (quantitative analysis)
The depth of the stab wounds and a statistical summary of the reckoned data are reported in Table 1 , and herein Contrarily, MSCT-CMS-d and MRI-CMS-d values differed on average by 0.6 cm (p < 0.001; average underestimation = 11.4 %; 95 % CI 7-17) and 0.5 cm (p < 0.001; average underestimation = 9.6 %; 95 % CI 6-13) from WD-d (reference value), respectively ( Table 2) .
The Bland-Altman plot analysis showed a strong agreement between MSCT-CMS-d and WD-d (94.7 %) data (Fig. 5a ) and between MRI-CMS-d and WD-d (94.7 %) data (Fig. 5b) , confirming that both radiological techniques underestimate the wound depth with a comparable systematic error. 
Discussion
The internal features of stab wounds (e.g., direction, width, and depth) are usually assessed by layer-by-layer dissection, a time-consuming, destructive, but very accurate procedure. A quite obsolete alternative is post-mortem probing, which however may harm previously intact anatomical structures.
In the last decade, several authors have explored the potentiality of post-mortem MSCT, a non-destructive, rapid, and repeatable procedure, for characterizing the morphometric features of stabbings [6-9, 14, 15] . All radiological techniques, indeed, have the advantage of allowing a late, even after years, second review of the dataset, when decomposition, autopsy, or cremation of the body has already occurred [9] .
More recently, the use of contrast agents has been proposed in the forensic setting [16, 17] mainly, but not only, for post-mortem angiography, post-mortem angioCT, and post-mortem angioMR demonstrating, among other evidences, the potentiality and ability to detect vascular injuries due to stab wounds because of the expected extravascular leakages of contrast medium [18, 19] . Aiming at performing post-mortem morphometric evaluations of stab wounds, several investigations with extra-vascular local application of contrast media have also been proposed [6] [7] [8] [9] . These studies, all performed on animal models using MSCT, have demonstrated a very clear depiction of the stab directions and a quite accurate estimation of the depth of the inflicted wounds (underestimation of about 10 % compared to layer-by-layer dissection) [8] . In our investigation, the stabbing trials were performed in post-mortem conditions using human legs surgically amputated for medical reasons. After the instillation of a viscous CMS, the wound channels were analyzed through both MSCT and MRI.
Morphological features of the stab wounds (qualitative analysis)
At MSCT, prior to the instillation of CMS, only some air bubbles (Fig. 2a: white asterisk) and a small interruption of the skin were recognizable at the entrance of the blade ( Fig. 2a; white circle) . The poor soft tissue contrast of unenhanced MSCT, if compared to MRI, did not allow any further morphological or metrical evaluation. Therefore, the only useful information retrievable from a careful examination of unenhanced MSCT images is the entrance of the blade into the skin (i.e., stabbing point).
In about half of the MRI (i.e., 10 stab wounds out of 21) collected before the injection of CMS, a thin hyperintense line, corresponding to the wound channel, was recognizable (Fig. 2c) . The possibility to occasionally identify the wound channel without CMS could be attributable to the high signal-to-noise ratio of MRI and to its high sensitivity to blood in the selected PD-fs sequence [11] . Similarly, we speculate that the experimental stabbing conditions (postmortem infliction on amputated legs) could have reduced the amount of blood inside the wound channel, hindering its visualization in about 50 % of cases (Fig. 3a) .
On the other side, the injection of the CMS allowed the fulfillment and visualization of all the stab wounds, regardless of the employed radiological technique (MSCT-CMS- Fig. 2c; MRI-CMS-Figs. 2d, 3b) . In order to perform MSCT and MRI in sequence on each wound, a single CMS suitable for both radiological techniques was developed. Previously, Bolliger et al. investigated stab wounds through MSCT using Ioversol (Optiray 300®) [7] , while Leth et al., in their experimental setting, used two different contrast agents, pure Iodixanol (Visipaque 270®) and Iodixanol mixed with polyethylene glycol (50 % w/w) [9] . Both authors obtained good results although Leth et al. reported the presence of air bubbles using the solution blended with polyethylene glycol. In our study, the ultrasound gel was chosen to provide a high signal-to-noise ratio on the selected fluid-sensitive MR images (Proton Density-weighted Turbo-Spin-Echo fat-suppressed sequence) because of its viscosity (i.e., higher than water); this latter property, indeed, could prevent or at least minimize the spilling or absorption in the surrounding soft tissues [20] . The iodinated contrast medium was added to guarantee a good contrast enhancement on MSCT images [20] .
The overall direction of the stab wound assessed by MSCT-CMS and MRI-CMS was consistent with the perpendicular direction of the inflicted stabs, which was a known variable under our experimental conditions. Both radiological techniques (MSCT-CMS and MRI-CMS) demonstrated that the wounds had a very irregular shape, poorly reproducing the features of the blade. This effect might be due to the fact that the contrast medium enlarges the width of the wound cavity and that some leakages among different muscular bundles occur (Figs. 2c, d, 3b) . Perhaps, Bolliger et al. did not mention this phenomenon because, as can be seen in their iconography [7] , the wound cavities were entirely included in singular muscular bundles of pork haunches [5, 6] . In accordance with Leth and Stolborg, who have previously reported contrast leakages [9] , we do agree that they are not a relevant issue for the identification of the direction of the stab wound at MSCT-CMS and MRI-CMS, because they can be easily distinguished from the contrast medium inside the main wound cavity (Figs. 2c, d, 3b) .
Depth of the wound (quantitative analysis)
MSCT-CMS-d and MRI-CMS-d data exhibited a high level of agreement (about 95 % at Bland-Altman plot analysis) with the depth of the wound measured at dissection (WDd), showing that the instillation of CMS followed by MSCT or MRI can offer a good estimation of the depth of the stab wound cavity. These findings are in line with previous literature data, testing MSCT-CMS for the measurements of stab wounds' depth [7, 8] . In our study, a similar systematic underestimation has been evidenced for MSCT-CMSd (11.4 %; 95 % CI 7-17) and MRI-CMS-d (9.6 %; 95 % CI 6-13). Moreover, at one-way ANOVA no statistically significant differences emerged between the two radiological techniques (p = 0.79). This means that also MRI can be employed for measuring the depth of the wound channel after the instillation of CMS. However, the systematic underestimation of the wounds' depth, probably related to the difficulty/impossibility of the CMS to reach the deepest and tiniest portion of the wound channel, must be taken into consideration.
Interestingly, in two stab wounds (in close proximity to each other, 5 cm distance) the layer-by-layer dissection (WD) did not permit the measurement of the depth of the wounds because of a generalized leakage of the methylene blue staining in the surrounding muscular tissue, which hampered the differentiation of the two wound cavities. On the contrary, both radiological techniques (MSCT-CMS and MRI-CMS) allowed the identification of the abovementioned stab wounds and their depth estimation. A possible explanation for this finding could be the greater viscosity of the CMS with regard to the methylene blue solution (i.e., an aqueous solution), which could have reduced the leakage along the muscular bundles. Although a confirmation on a wider number of trials is required to draw any definitive conclusion, the above findings seem to suggest a potential utility of MSCT-CMS-d and MRI-CMS-d data for differentiating and measuring wound channels in close proximity to each other, prior to layer-by-layer dissection.
MSCT-CMS versus MRI-CMS
In our study, MSCT-CMS and MRI-CMS have exhibited similar accuracy and precision (Fig. 5) for the identification and measurement of stab wound channels experimentally produced on human calves and filled up with CMS. As well known, MSCT is faster, cheaper, and more widespread (in both clinical and forensic contexts) than MRI. However, this latter technique possesses a higher sensitivity and a higher contrast resolution for soft tissues and fluids (e.g., blood or water). Indeed, in 10 out of the 21 experimental stabbings here investigated, unenhanced MR images (Fig. 2c) correctly depicted the wound channel, even if the wounds were inflicted post-mortally. We believe that in a different scenario (i.e., post-mortem analysis of vital injuries in which an active bleeding into the wound cavity occurred) unenhanced MRI [21] could exhibit better results in terms of wound channel depiction and measurement. In order to confirm the above hypothesis, further studies on forensic casework are necessary.
Limits
1. Although the experimental setting was quite similar to real forensic casework (stabbings on human calves), all wounds were inflicted in post-mortem conditions; thus, several variables (such as skin elasticity, muscular resistance, absence of bleeding, etc.) could have influenced the results. 2. The proposed radiological methods have been tested only on stab wounds produced on calves, and, consequently, can be applied, at most, to the evaluation of injuries located at the extremities. 3. In the experimental trials, the knife was always inserted and extracted orthogonally to the skin surface, whereas in real forensic casework the blade can have different directions. To overcome this limit, further trials with different angulation of the blade will be necessary.
Conclusion
In the present study, a protocol for the radiological assessment of the internal features of stab wounds by MSCT and MRI using a single CMS suitable for both techniques has been developed and tested in a post-mortem setting. After the instillation of CMS, both MSCT and MRI depicted the wound channel in all the investigated stabbings, although the morphology of the cavity was irregular and did not resemble the shape of the blade. At quantitative analysis, a high level of agreement (about 95 % at Bland-Altman plot analysis) was evidenced between radiological and anatomical measurements (i.e., at WD). However, a similar systematic underestimation has been evidenced for MSCT (11.4 %; 95 % CI 7-17) and MRI (9.6 %; 95 % CI 6-13) data with respect to WD measurements. Further studies are required to develop new contrast media capable of reaching the deepest part of the wound cavity and, thus, increasing the accuracy of the radiological measurements, which are currently affected by a slight systematic underestimation compared to layer-by-layer dissection. Moreover, real forensic casework with injuries located in different anatomical areas, more stabbing directions, and produced by diverse weapons will have to be analyzed before MSCT and MRI can be routinely applied for the forensic morphological and metrical analysis of stab wounds.
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